In this work, we present and discuss on the deflection estimation of a bi-dimensional panel by using Fiber Bragg Gratings (FBGs) as strain sensors embedded in the structure and a method based on the classical beam theory. The existing difficulties in the direct measure of the deflection are overcome thanks to the proposed technique and a real-time indirect structural monitoring is possible both on small and large structure. In many tests the estimated deflection with the proposed method has been compared with direct deflection measurements obtained with a mechanical comparator showing good agreement. A resolution of few tens of microns over a surface of the order of 1 m 2 has been reached.
Introduction
In the last years, the maintenance and management of civil infrastructure frequently involve vast amounts of resources in terms of manual labor, materials and finance; therefore, the research of technologies for the deformation monitoring with cost-effectiveness and high performances is ongoing [1] . Indeed, several applications of the use of specific sensors for deformation monitoring, are present in the literature for monitoring bridges [2, 3] , marine piles [4] , ground displacement [5] , tunnel and pipelines [6, 7] , pavements and building structures [8] .
Traditional deformation monitoring techniques, such as dial indicator, level gauge, tensional wire displacement and deflection gauge, are widely used for structure deformation measurement, but they don't allow for a good real time monitoring. Indeed, more sophisticated techniques such as GPS, laser and photoelectric imaging are developed for real time measurements.
In the last few years, optical fiber sensor (OFS) technologies have become a suitable solution for structural health monitoring, thanks to their unique properties as: small in size, passive, immune to electromagnetic interference, intrinsic multiplexing, resistant to harsh environments and the capability to perform distributed sensing. In particular, among OFS, Fiber Bragg gratings (FBGs) are increasingly being used in sensing applications and are enjoying widespread acceptance and use [9] .
In this context, here we present a deflection estimation of a bidimensional multilayer structures (shown in Figure 1 ) by using FBG strain sensors and a displacement-strain transformation, extending the approach that we have previously demonstrated for a beam structure [10] .
Materials and Methods
The method to estimate the deflection of a beam structure from the measured strain is based on the classical beam theory with small deformation assumption where a second derivative relationship exists between the displacement orthogonal to the surface and the strain component parallel to it. Indeed, if we consider a 1D structure, the surface strain component along the longitudinal direction, according to [10] , is given by (1) where is the displacement profile. By integrating twice Equation (1), the vertical deflection can be expressed according to the following equation: 1
where represents the position of the neutral axis. This method has been successfully used to estimate the beam deflection, thus on a onedimensional structure. Aim of the work is to extend this approach to a two-dimensional panel (i.e., a structure with two dominant sides with respect to the third one), using the strain profile measured along more than one line of the structure, in order to create a 2D deflection map.
We have used a polynomial expression for the strain along the different lines in order to achieve a continuous function for the strain. The coefficients of a polynomial that fits the data has been find by means of a fitting algorithm in the least-squares sense. At this point, the deflection function along the different lines can be expressed in the polynomial form also, and the coefficient of the polynomial can be calculated directly from the ones of the strain polynomial. Finally, the 2D map is the result of a new polynomial fitting in two variables with the addition of the boundary conditions.
Results
In order to evaluate the proposed technique, a planar panel of 100 cm long, 40 cm wide and with a thickness of 0.95 ± 0.005 cm has been tested. It consists in a multilayer symmetric structure consisting of a central aluminum honeycomb, bonded between two layers of epoxy glass (composite material) through the epoxy resin Araldite 2011 as depicted in Figure 1 . The panel has been instrumented with 15 commercial 10 mm long FBGs whose spectra are showed in Figure 2d . The FBGs are distributed in 3 straight arrays on the top of the panel positioned in two arrays of four and five FBGs respectively along the two main axes of symmetry (along the short and the long side, i.e., x and y axis respectively), while another array of four FBGs has been positioned along the short side of the panel in order to obtain additional measuring points, as it is possible to see in Figure  2a ,b (in the unloaded and loaded case, respectively). The three arrays are connected to a commercial optoelectronic unit (Figure 2c ) that measures the FBGs signal. Other two FBGs, are positioned on the opposite side of the honeycomb near to the center of the panel with orthogonal orientations. It is worth to note that the use of sensors on both side of the panel is useful for the position of the neutral axis estimation. Finally another FBG sensor has been used, in a strain-free configuration, for the monitoring of the environmental temperature and the subsequent compensation of the effects of the temperature on the sensors embedded in the structure.
In order to test the procedure, the panel has been loaded with increasing weights: 0 kg, 2 kg, 4 kg, 6 kg and then progressively returned to 0 kg. The procedure to pass from the strain values to the deflection function in a line by means of a polynomial fitting and others simple arithmetic calculations is showed synthetically in Figure 3 . Once calculated the vertical deflection along the arrays, it is possible to get the tridimensional profile of the deflection on the whole structure by means of polynomial fitting with two variables.
The deflection map of the panel loaded with 6 kg has been displayed in Figure 4 , where the position of the FBGs strain sensors has been indicated with pink dots. The map shows that at the edges there are no significant variations while the panel flexes at the center with maximum deflection values of about −0.30 cm. In order to validate the proposed model, numerous tests have been performed, comparing the deflection estimated with the proposed algorithm with the direct deflection measurements carried out by a mechanical comparator (Mitutoyo ID-C125XB, uncertainty of 0.003 cm) showing a very good accordance.
Conclusions
In this work a multilayer panel has been instrumented with 15 FBGs arrayed along only few optical fibers, avoiding the complex wiring typical of strain gauges. From the strain measured by the FBGs, the curvature function has been evaluated as a polynomial function with the coefficients obtained by least mean square analysis; then the deflection is estimated by integrating twice the curvature function.
Experimental results show good agreement between the deflection indirectly measured by the FBGs and directly measured by a mechanical comparator, with a resolution of few tens of microns.
We have demonstrated that the proposed technique allows an effective real-time indirect structural monitoring in small and large structures solving the existing difficulties in measuring the deflection directly.
